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Abstract
1. Climate change causes extreme heat waves that have induced worldwide mass 
coral bleaching. The impacts of temperature-induced bleaching events on the 
loss of algal endosymbionts in both corals and anemones are well documented. 
However, the cascading impacts of bleaching on animals that live in association 
with corals and anemones are understudied.
2. We performed a field-based experiment to investigate how host anemone bleach-
ing affected the metabolic rate, growth, behaviour and survival of wild juvenile  
orange-fin anemonefish Amphiprion chrysopterus over 1, 2 and (for survival) 9 months.
3. We found that the standard metabolic rate of anemonefish residing in bleached anem-
ones decreased over time but was unaffected in fish from healthy anemones. Despite 
the reduced metabolic cost, the growth rate of fish from bleached anemones was 
significantly lower compared to fish from healthy anemones, suggesting that animals 
residing in bleached hosts are at an energetic disadvantage. This was corroborated by 
our finding that fish from bleached anemones spent more time out of their anemo-
nes, suggestive of a greater need to forage in the water column. However, fish from 
bleached anemones were overall less active and used less space around the anemone, 
resulting in a negative correlation between space use and survival after 4 weeks.
4. Our results provide insight into the physiological and behavioural effects of host 
bleaching on juvenile fish in the wild, and highlight how relatively short-term ther-
mal anomalies can have long-lasting impacts beyond the bleached anemones or 
corals themselves.
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1  | INTRODUC TION
Anthropogenic climate change and extreme weather events are 
global phenomena that impact terrestrial and aquatic organisms. The 
increasing frequency and duration of global episodes of coral reef 
bleaching (Hughes et al., 2017) are testament to the severity of 
climate-driven impacts on coral reef ecosystems. Corals are not 
alone, as other marine invertebrates, including sea anemones, 
also bleach in response to environmental stressors (McClanahan 
et al., 2009). If these organisms survive, the temporary loss of 
endosymbiotic dinoflagellates can last several months before re-
covery (Jones, 1997; Lang et al., 1992; Saenz-Agudelo et al., 2011; 
Beldade et al., 2017). As such, short-term climatic stressors such 
as transient heat waves lasting from days to weeks (Glynn, 1996; 
Oliver et al., 2018) are outlived by the ensuing longer-term bleach-
ing episodes. The impacts of these bleaching events may cascade 
onto other animals associated with corals and anemones for ei-
ther shelter, foraging, or recruitment (Graham et al., 2007; Jones & 
Syms, 1998; Wilson et al., 2006). However, the physiological and 
behavioural impacts of bleaching on associated species, such as 
coral reef fish, have rarely been tested.
Fishes are essential components of coral reef ecosystems, due 
to their role in reef health, diversity, resilience and local economy 
(Bellwood et al., 2004; Graham et al., 2006; Moberg & Folke, 1999). 
Bleaching-induced coral mortality can drive fish mortality due to the 
degradation and loss of suitable habitats (Bonin et al., 2009), but re-
cent evidence has shown that temporary bleaching of anemones also 
impacts the physiology and reproduction of associated anemonefish 
(Beldade et al., 2017; Norin et al., 2018). To cope with prolonged 
bleaching, fish may need to adjust their physiology and behaviour 
through phenotypic plasticity (e.g. acclimation) to enhance fitness 
while living in a bleached environment. For example, bleaching- 
associated decreases in anemonefish food sources (e.g. plankton in 
the water column, anemone waste products and symbiont algae; 
Piontkovski & Castellani, 2009; Tada et al., 2003; Verde et al., 2015) 
may require anemonefish to alter their behaviour to maximise for-
aging, or to adjust their energy expenditure to compensate for re-
duced food intake (Dill, 1983; Höjesjö et al., 1999). As fish associated 
with bleached (white) hosts are visually more conspicuous (Coker 
et al., 2009), the risk of predation potentially increases too, which 
may reduce foraging and other behaviours outside of the anemone 
(Lima & Dill, 1990). The previously observed increased metabolic 
demands of anemonefish after two weeks of bleaching in the lab-
oratory (Norin et al., 2018) may also trade-off with growth due to 
competition for a finite energy budget (energy allocation trade-off; 
Weiner, 1992). However, to what extent these behavioural and phys-
iological adjustments occur in nature remains unknown.
Here, we quantify the effects of varying bleaching exposure du-
rations on a suite of life-history traits of anemonefish living in the 
wild. We conducted an extensive field-based study with wild site-at-
tached juvenile orange-fin anemonefish Amphiprion chrysopterus 
transplanted onto healthy (unbleached) or bleached anemones in the 
lagoonal reef system of Moorea, French Polynesia. Anemonefishes 
live in a permanent obligatory mutualistic symbiosis with sea anemo-
nes (Fautin, 1991) and remain with the host anemone on which they 
settled as juveniles (Buston, 2003a; Hattori, 1994), even if it bleaches 
(Saenz-Agudelo et al., 2011), making them especially vulnerable to 
bleaching and an ideal model species (Beldade et al., 2017; Mills 
et al., 2018, 2020). We compared standard (resting) metabolic rate 
(SMR), behaviour (activity and space use) and growth rate of anem-
onefish after 4 and 8 weeks of living with unbleached or bleached 
anemones, and tracked the fish's survival for 9 months. These ex-
posure durations are ecologically relevant both to bleaching and 
anemone recovery (Jones, 1997; Lang et al., 1992), and sufficient to 
observe the potential for acclimation (Fangue et al., 2014; Sandblom 
et al., 2014). We also explored correlations among the measured 
traits, as environmental disturbances are known to alter the relation-
ship between physiological and behavioural traits (Killen et al., 2013).
2  | MATERIAL S AND METHODS
2.1 | Experimental overview
Magnificent sea anemones Heteractis magnifica (n = 53) and juve-
nile orange-fin anemonefish Amphiprion chrysopterus (n = 47) were 
collected in the northern lagoon of Moorea, French Polynesia 
(17°32′19.8″S, 149°49′46.3″W) from September to November 2017.
Unbleached anemones were collected 2 to 3 weeks before the 
fish, during which time about half of the anemones were thermally 
induced to bleach in the laboratory at the CRIOBE research centre 
(see ‘Host anemones’ below). Two days before placing fish onto them, 
unbleached and bleached anemones of similar size were individually 
placed back into the field in 47 cylindrical cages (60 × 40 cm) randomly 
distributed across four sites in Moorea's northern lagoon (Figure 1). 
Environmental conditions (water flow, water temperature and depth) 
were measured at the sites (Table S1) consisting of a sandy flat, such 
that all cages were 5 m away in any direction from any larger coral 
structures (‘bommies’). Cages were used to prevent anemone preda-
tion from, for example, turtles, and were placed at least 10 m apart.
Anemonefish were caught from unbleached anemones in the la-
goon (there was no bleaching at this time) and placed individually 
into the 47 cages with either an unbleached (n = 26) or a bleached 
(n = 21) anemone.
The metabolic rate, growth rate and behaviour (see individual 
sections below) of the anemonefish were measured approximately 
4 weeks (26–29 days; Table S2A) after residing in unbleached or 
bleached anemones, and a random subset of individuals (n = 23) 
were measured a second time after approximately 8 weeks (46–
65 days; Table S2A), with no difference in exposure time between 
treatments for either exposure period (Table S3). While the ex-
perimental exposures to unbleached or bleached anemones varied 
around the target 4 and 8 weeks, we will, for simplicity, refer to 
the two measurement points as ‘Week 4’ and ‘Week 8’. The first 
day of the experiment, when fish were placed onto anemones, is 
referred to as ‘Week 0’.
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Anemonefish survival and anemone bleaching status were mon-
itored weekly over the first 8 weeks and then every 2 weeks over 
a further 7 months. At the end of the ninth month of monitoring, 
all anemonefish were returned to the un-caged host anemone from 
which they were originally collected, and anemones were returned 
to anemone patches in the lagoon.
Ethical approval for the study was granted from The Animal 
Ethics Committee, Centre National de la Recherche Scientifique 
(permit number 006725).
2.2 | Host anemones
Anemones (containing no anemonefish) were collected by hand while 
SCUBA diving at depths of 3–6 m and brought to the CRIOBE lab-
oratory in coolers filled with water from the collection sites. In the 
laboratory, the anemones were kept in aquaria receiving flow-through 
water from the lagoon and fed brine shrimp daily. About half were 
maintained at 28°C for 2 weeks and remained unbleached. The others 
were bleached by heating the aquaria water to 31°C for 2 weeks.
Once positioned in the field, anemone bleaching status was ascer-
tained visually on a weekly basis and confirmed by measuring photosyn-
thetic activity at Week 0 and Week 8 of the experiment. Photosynthetic 
activity in the anemones was measured in triplicate using an underwater 
diving pulse amplitude modulated fluorometer (DIVING-PAM; Heinz 
Walz GmbH). All the anemones from one site were measured on the 
same night, and measures were taken from all sites between 17:12 and 
17:37. Photosynthetic activity was significantly higher in unbleached 
than bleached anemones both at the beginning of the experiment and 
after 8 weeks (linear mixed-effects models, LME: Treatment; t = 11.793, 
p < 0.0001; Time; t = 1.000, p = 0.324, mR2 = 0.583, cR2 = 0.712, 
Figure 1b; Table S4B). Anemone size (surface area) was measured at 
Weeks 0, 4 and 8 (details in Supporting Information).
Three out of the 21 bleached anemones started to show signs 
of recovery after 4 weeks and were replaced with other bleached 
anemones of approximately the same size. As replacing a recover-
ing bleached anemone may disturb associated anemonefish, to en-
sure equal disturbance between treatments, we correspondingly 
replaced a healthy anemone at the same site with another healthy 
anemone of approximately the same size.
2.3 | Anemonefish
Anemonefish were caught by hand-netting while free or SCUBA div-
ing between September and November 2017 (Table S2), transferred in 
water-filled coolers to CRIOBE's aquarium facilities, weighed and, on 
the same day, returned to the lagoon onto one of the caged anemones, 
F I G U R E  1   In situ experimental photographs and study sites. (a) Experimental set-up with a bleached anemone and a juvenile orange-fin 
anemonefish Amphiprion chrysopterus inside a cage (3 × 3 cm mesh size). The anemonefish could freely swim in and out of the cage through 
the mesh. The cage was used to prevent anemone predation and secured in place with steel rods. (b) Photosynthetic yield in unbleached and 
bleached anemones at the start (Week 0) and after 8 weeks (Week 8). ∆F is the difference between Fm′ (maximum fluorescence yield) and 
F (fluorescence yield of a dark reference). The photos show the top-view from within a cage containing an unbleached (left) and a bleached 
(right) anemone, each with a juvenile anemonefish and 20-cm long callipers included for scale. (c) Map of the island of Moorea with an insert 
of the northern lagoon (17°32′19.8″S, 149°49′46.3″W) showing the location of the two treatments (unbleached and bleached anemones) 
distributed across four sites
(a) (b)
(c)
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with no significant difference in start date between treatments 
(Table S3). Fish were released within ~10 cm of the caged anemone 
and always swam straight to the anemone and hid within its tentacles.
Natural recruitment of A. chrysopterus is limited in Moorea 
(Beldade et al., 2012, 2016; Schmitt & Holbrook, 2000) and 
post-settlement mortality is high due to intraspecific aggression 
(Buston, 2003a). We therefore maintained the number of A. chrys-
opterus juveniles at one individual per anemone throughout the ex-
periment, and any natural recruits (smaller in size than our focal fish) 
were noted and removed. Dascyllus trimaculatus also use anemones 
during a part of their life cycle (O'Donnell et al., 2017), however, they 
are subjected to heterospecific aggression from A. chrysopterus (Mills 
et al., 2020), which depresses their density and survival (Holbrook 
& Schmitt, 2004; Schmitt & Holbrook, 1996), but their presence 
has little to no effect on anemonefish (Schmitt & Holbrook, 2000). 
Nevertheless, to control for any aggression, growth or density- 
dependent effects on focal experimental A. chrysopterus, all natural 
recruits of D. trimaculatus were removed.
Focal A. chrysopterus were monitored weekly. Even though the 
anemonefish were able to move through the netting of their cages, 
the distance between cages (>10 m) and high predation risk out-
side the anemone tentacles (Buston, 2003a; Elliott et al., 1995; 
Mariscal, 1970), especially for juveniles (Buston & Garcia, 2007), made 
the chance of fish exchanging anemone host unlikely. Nevertheless, 
to confirm individual identification during the experiment, focal fish 
were photographed and identified by colour patterns based on the 
second and third vertical white stripes (example photos in Figure S1).
2.4 | Metabolic rate
At the end of Week 4 and 8, the anemonefishes were caught and 
transferred by boat in a water-filled cooler to CRIOBE's aquarium 
facilities. The fish were initially held with unfed unbleached or 
bleached anemones (as per their respective treatments in the field) 
for ~20 hr in aquaria receiving filtered, flow-through water from the 
lagoon. This was done to ensure that the fish were not digesting dur-
ing subsequent metabolic rate measurements. Each individual fish 
was then transferred to an intermittent-closed respirometry setup 
where its oxygen uptake rate could be recorded as a proxy for its 
metabolic rate (Svendsen et al., 2016).
The respirometry setup was shielded from surrounding distur-
bances and comprised a 40 L (water volume) tank receiving flow-
through normoxic seawater from the lagoon at 29.16 ± 0.04°C (M ± SE 
temperature in the respirometry setup across all experiments), glass 
respirometry chambers (35 or 110 ml volume, depending on fish size) 
in which the oxygen uptake rate of the fish could be measured by use 
of fibre-optic oxygen meters with probes (FireStingO2; Pyro Science 
GmbH) and accompanying software (Pyro Oxygen Logger; Pyro 
Science GmbH), a peristaltic pump (Masterflex L/S; Cole-Parmer) 
with gas-tight tubing that recirculated water through the respirom-
etry chambers and past the oxygen probes and a set of flush pumps 
(EHEIM Compact; EHEIM GmbH & Co) which intermittently flushed 
fresh and fully aerated seawater through the respirometry chambers 
for 5 min in every 9 to 10 min intermittent-closed respirometry cycle 
(flush and close durations were adjusted based on chamber volumes 
and fish sizes). The respirometry chambers were supported by two 
plastic pipes in between which anemones from the respective treat-
ment were placed such that their tentacles touched the bottom 
and sides of the respirometry chambers (photos in figure 1 in Norin 
et al., 2018). This allowed the fish to be surrounded by and see (but 
not touch) the anemones, and also receive olfactory cues from the 
anemones in the flush water. Fish were introduced to respirometry 
chambers a few minutes before the first automated oxygen uptake 
rate recordings were started in the afternoon and remained there for 
~17 hr until the following morning. The fish were then removed from 
the respirometry chambers and their body mass recorded.
Fish oxygen uptake rates were calculated by multiplying the 
slopes (over 3–4 min) for the decline in oxygen inside the respirome-
try chambers during the closed phases of the respirometry cycles by 
the volume of the respirometry chamber after subtracting fish vol-
ume and background bacterial respiration (calculated from a respi-
rometry chamber without fish). The SMR of each individual fish was 
then estimated by first calculating the mean of the lowest 10% of 
its oxygen uptake rate measurements from the ~17 hr respirometry 
trial, then excluding any outliers (data points outside the mean ± 2 
SDs, or data points with r2 values for the linear regressions of the de-
cline in oxygen over time lower than the mean r2 − 2 SDs), and finally 
re-calculating the mean of the remaining data points.
Due to electrical problems at the research station, some of the 
scheduled respirometry trials could not be completed, resulting in a 
reduced sample size for metabolic rate measurements (n = 15 and 
n = 14 fish from unbleached and bleached anemones, respectively, at 
Week 4, and n = 12 and n = 9 fish, respectively, at Week 8; Table S2A).
2.5 | Behaviour
A GoPro camera was placed on the top of each cage in the lagoon 
(~50 cm from the anemone) in the afternoon of an experimental 
day (between approximately 14:00 and 15:00), and 20 min videos 
were recorded. The first 10 min of these videos were discarded as 
the acclimation period (Nanninga et al., 2017), while the following 
10 min were used to quantify: (a) Time spent out of the anemone 
– defined as the percentage difference between the total ob-
servation time and the time that at least 50% of the fish's body 
was within the anemone tentacles from observations of a fish's 
location every 3 s (n = 200 observations); (b) Activity – the total 
number of times a gridline was crossed per minute, calculated by 
digitally separating the video frame into a grid of 10 × 6 sections 
of equal size (Figure S2) and counting each time the fish crossed a 
gridline within three haphazardly selected periods of 30 s; and (c) 
Space use – the total number of unique squares a fish occupied per 
minute, calculated from the number of unique squares on the digi-
tal grid (Figure S2) that the fish occupied within three haphazardly 
selected periods of 30 s.
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Due to time restrictions in the field, only a subset of the fish was 
filmed at Week 4 (n = 11 and n = 12 in unbleached and bleached 
treatments, respectively; Table S2A). At Week 8, 23 fish were filmed 
but three videos were unusable due to poor camera placement on 
the cage, resulting in n = 12 and n = 8 in unbleached and bleached 
anemones, respectively (Table S2A).
2.6 | Growth rate
Anemonefish were weighed to the nearest 0.001 g at the start of 
the experiment (Table S2A), at which point body masses were not 
significantly different between treatment groups (Wilcoxon-test; 
W = 209, p = 0.81, n = 40). Fish were re-weighed at Week 4 (n = 20 
and n = 20 in unbleached and bleached treatments, respectively; 
Table S2A) and Week 8 (n = 13 and n = 9 in unbleached and bleached 
treatments, respectively; Table S2A).
Specific growth rate (SGR) was determined as the percentage in-
crease in individual body mass per day as SGR = ln(BMt2) – ln(BMt1) × 
t−1 × 100, where BM is body mass at t2 (final time) and t1 (initial 
time), and t is the time (days) between the two consecutive measures 
(Hopkins, 1992).
2.7 | Survival
Anemonefish survival (absence/presence) was recorded weekly over 
the first 8 weeks and every 2 weeks over the following 7 months. 
Given that juvenile anemonefish are unlikely to voluntarily leave 
their anemone due to risk of predation (Buston, 2003a; Elliott 
et al., 1995), the absence of a fish from its anemone was equated 
to mortality. Despite the use of cages, seven anemones (and thus 
also the anemonefish) disappeared during the nine months survival 
study, but these absent fish were not included in the survival analy-
ses. In addition, non-natural mortality linked to electrical problems 
at the research station was also excluded from survival analyses 
(final n = 29, Table S2B).
2.8 | Statistical analysis
Statistical analyses were performed in r version 3.6.1 (R Core 
Team, 2019).
Linear mixed-effects models (LMEs) were used to explore the 
effect of the explanatory variables – anemone treatment (categor-
ical), exposure time (continuous), fish body mass (continuous) and 
site (categorical) – on fish SMR, growth rate and behaviour. Fish ID 
(categorical) was included as a random effect to account for non- 
independence of data (i.e. when fish were measured twice over time). 
Time was included as a continuous variable since not all measure-
ments were taken at exactly four or eight weeks but spread around 
these target time points for logistical reasons. All LMEs were fitted 
using the lmerTesT package (Kuznetsova et al., 2017), while marginal 
(mR2) and conditional (cR2) R2 were obtained with the package piece-
wisesem (Lefcheck, 2016). The selection of the best-fit model was 
determined using likelihood ratio tests (LRTs), starting from the most 
complex model and subsequently removing non-significant inter-
actions and explanatory variables (Tables S6A, S7A, S8A, S9A and 
S10A) via the lmTesT package (Zeileis & Hothorn, 2002). In addition, 
SMR and fish body mass were log10-transformed to account for 
their nonlinear (power) relationship. The ‘ns’ function in the splines 
package was used in the growth rate model to account for nonlinear 
body mass effects on fish growth. Space use was log10-transformed 
to alleviate non-normality. In each model, residuals were visually 
inspected to ensure that all assumptions were met. For graphical 
representation, regressions were fitted on predicted values obtained 
using the ‘ggemmens’ function in the ggeffecT package (Lüdecke, 
2018).
The consistency of each individual fish's behaviour across the 
three haphazardly chosen sections of 30 s video was evaluated by 
calculating the adjusted repeatability (Radj) of activity and space use 
using the rpTr package (Stoffel et al., 2017). We calculated overall 
Radj using the same model structure as for the LMEs (Table S5A), 
with chronological order of the three 30 s sections added as an ad-
ditional explanatory variable. We also calculated Radj for each anem-
one treatment separately by sub-setting the data for each treatment 
and removing treatment as a fixed effect in these models. Behaviour 
was significantly repeatable in all cases (Radj = 0.318 to 0.464, 
p ≤ 0.0072; Table S5B).
We tested for differences in survival between treatments using 
a Cox proportional hazard model via the ‘coxph’ function in the sur-
vival package (Therneau, 2020; Therneau & Grambsch, 2000). Site 
was used as a covariate. Cox proportional hazard models calculate 
survival as the probability that an individual survives from the time 
origin (start of experiment) to a specified future time (end of experi-
ment). To do this, the hazard function (risk of death over time) is used 
as a response variable.
Correlations among all traits were performed using Pearson's 
correlation coefficient or Spearman's rank correlation (parametric 
and nonparametric data, respectively). For each trait where fish 
body mass had an effect, body-mass-adjusted values were used for 
correlation analyses. Body-mass-adjusted values were obtained by 
calculating model partial residuals (i.e. fixing body mass and remov-
ing its partial effect) using the ‘remef’ function from the remef pack-
age (Hohenstein & Kliegl, 2020).
3  | RESULTS
3.1 | Physiology
The SMR of anemonefish varied over time depending on anemone 
treatment (bleached or unbleached, Figure 2), as indicated by the 
significant interaction between treatment and exposure time (LME: 
Time × Treatment; t = 2.024, df = 45, p = 0.049; mR2 = 0.904, 
cR2 = 0.904; Table S6B). SMR was the same between treatment 
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groups after approximately 4 weeks of anemone exposure, but de-
creased in anemonefish from bleached anemones between 4 and 
8 weeks of exposure (Figure 2).
3.2 | Behaviour
3.2.1 | Time spent out of the anemone
Anemone treatment had a significant effect on the time fish spent 
out of the anemone (LME: Treatment; t = −2.946, df = 29.69, 
p = 0.006; mR2 = 0.331, cR2 = 0.592; Table S7B), with fish from 
bleached anemones spending 22.7% more time out of the anemone 
compared to fish from unbleached anemones (Figure 3a). In addi-
tion, the amount of time fish spent out of the anemone increased 
over time by 0.77% each day (LME: Time; t = −3.893, df = 23.61, 
p < 0.001; Figure 3a; Table S7B).
3.2.2 | Activity
Anemone treatment had a significant effect on fish activity (LME: 
Treatment; t = 2.276, df = 38, p = 0.029; mR2 = 0.339, cR2 = 0.339; 
Table S8B), with fish from unbleached anemones being more ac-
tive than fish from bleached anemones (Figure 3b). Exposure du-
ration did not have a significant effect on fish activity (LME: Time; 
F I G U R E  2   Standard metabolic rate (SMR) of Amphiprion 
chrysopterus juveniles residing in unbleached or bleached 
anemones over time. Solid orange and blue lines are model 
predicted regression lines fitted to the data from the present 
study, surrounded by 95% confidence bands. Data shown in open 
symbols at 12–19 days are from a previous laboratory study by 
Norin et al. (2018) and the regression lines have been extended 
to these data (dashed lines) for visual comparison only [i.e. the 
data from Norin et al. (2018) are not part of the fit]. The presented 
SMR data, including those from Norin et al. (2018), have all been 
adjusted (using model residuals) to the overall mean body mass of 
the fish from the present study (0.59 g), to allow direct comparisons 
between data [note that the SMR data from Norin et al. (2018) 
were adjusted to a body mass of 1 g in their figure 3]
F I G U R E  3   Behaviours of Amphiprion chrysopterus juveniles 
residing in unbleached or bleached anemones over time. (a) Time 
spent out of the host anemone, (b) movement activity and (c) 
horizontal space use above the anemone. Symbols represent 
individual raw data points in (a) while in (b) and (c) data points are 
adjusted (using model residuals) to the overall mean body mass of 
the fish from the present study (0.59 g), as body mass significantly 
affected activity and space use but not time spent out of the 
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t = 1.795, df = 38, p = 0.081; Table S8B), but larger fish tended to be 
more active than smaller fish (LME: Body mass; t = 1.928, df = 38, 
p = 0.061; Table S8B).
3.2.3 | Space use
Anemone treatment also had a significant effect on fish space 
use (LME: Treatment; t = 2.495, df = 38, p = 0.017; mR2 = 0.492; 
cR2 = 0.492; Table S9B), with fish from unbleached anemones 
using more space over and around the anemone than fish from 
bleached anemones (Figure 3c). Fish also increased space use over 
time by ~1.2% each day (LME: Time; t = 3.027, df = 38, p = 0.004; 
Table S9B). As expected, larger fish used more space around 
the anemone (LME: Body mass; t = 2.627, df = 38, p = 0.012; 
Table S9B).
3.3 | Growth rate
Anemone treatment had a significant effect on fish growth rate 
(LME: Treatment; t = 4.047, df = 57, p < 0.001; mR2 = 0.707, 
cR2 = 0.707; Table S10B), with fish of a given mass growing 0.85% 
per day faster when residing in unbleached than bleached anemones 
F I G U R E  4   Growth and survival of Amphiprion chrysopterus juveniles residing in unbleached or bleached anemones over time. (a) Specific 
growth rate. Symbols represent individual data points adjusted (using model residuals) to the overall mean body mass of the fish used in the 
growth analyses at the initial time (t1, 0.23 g). Solid orange and blue lines are model predicted regression lines fitted to the data, surrounded 
by 95% confidence bands. (b) Survival over 9 months (initial 8 weeks of the main experiment plus an additional 28 weeks of monitoring the 
fish in the same treatments). Solid orange and blue lines are survival probability curves, surrounded by 95% confidence bands
(a) (b)
/
F I G U R E  5   Correlations between 
all measured traits after 4 and 8 weeks 
of residing in unbleached or bleached 
anemones. Correlations (circles and 
diamonds) where the 95% confidence 
interval (horizontal error bars) does 
not cross zero (dashed vertical lines) 
are significant. Body mass significantly 
affected standard metabolic rate (SMR), 
activity, space use and growth rate, so 
body-mass-adjusted (adj) values were 
used in correlations. For time spent (out 
of the anemone), raw values were used 
as fish body mass had no effect on this 
trait (Figure 3a). All test statistics are 
summarised in Table S12
Week 8Week 4
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across the entire experiment (Figure 4a). Treatment exposure time 
had no significant effect on fish growth rate (LME: Time; t = 1.217, 
df = 57, p = 0.229; Figure 4a; Table S10B).
3.4 | Survival
Although survival appeared to diverge between treatments after 
10 weeks (Figure 4b), there was no significant difference in survival 
between fish from unbleached and bleached anemones through-
out the 9 months of treatment exposure (coxph model: Treatment; 
coef = −0.56, z = −1.11, p = 0.268, Table S11B). However, study 
site had an impact on fish survival with Site 3 showing higher sur-
vival probability compared to Sites 2 and 4 (coxph model: Site 3; 
coef = −1.66, z = −2.31, p = 0.021; Table S11B).
3.5 | Correlations among traits
Standard metabolic rate correlated negatively with growth rate after 
4 weeks in bleached anemones (Figure 5). Behaviours correlated posi-
tively with each other: time spent out of the anemone was positively 
correlated with fish activity and space use after 4 weeks in bleached 
anemones, and activity and space use were highly positively correlated 
in both treatments after both 4 and 8 weeks (Figure 5). Activity was 
also positively correlated with survival in fish inhabiting unbleached 
anemones after 4 weeks, but did not correlate in fish from bleached 
anemones at either 4 or 8 weeks (Figure 5). Space use was nega-
tively correlated with survival in bleached anemones after 4 weeks 
(Figure 5). Growth rate was negatively correlated with activity and 
space use in unbleached anemones after 4 weeks, but there were 
no significant correlations among these traits in fish from bleached 
anemones (Figure 5). All test statistics are summarised in Table S12.
4  | DISCUSSION
Our field-based experiment allowed us to test the indirect effects 
of climate change and warming-induced bleaching on wild coral reef 
fish in the absence of elevated temperature, while also exposing fish 
and anemones to natural variability arising from selection and envi-
ronmental variables, including water current, food availability, solar 
radiation and inter- and intra-specific interactions (all small organ-
isms <4 cm body depth could traverse the mesh cages). We found 
that bleaching induced a reduction in the fish's activity, a reduction 
in hiding as fish spent more time out of bleached anemones, a de-
crease in SMR over time and lower growth rates. However, despite 
these differences in fish behaviour and physiology, after 9 months 
there was no impact of host anemone bleaching on fish survival.
At first glance, our results for SMR appear to contradict a previous 
laboratory study showing that bleaching increased the metabolic de-
mands of juvenile anemonefish after two weeks (Norin et al., 2018). 
However, the increased SMR observed by Norin et al. (2018) fits well 
with our SMR results when extrapolated back to a 2-week exposure 
period (Figure 2), despite the different experimental conditions (lab-
oratory vs. field). Combined, these results suggest that anemonefish 
initially experience increased SMR in response to the short-term 
stressor of bleaching, but that metabolic rates decrease over a lon-
ger, and more ecologically relevant, exposure to bleaching. Reduced 
food intake is a likely contributing factor to the observed decrease in 
SMR, and is known to cause a reduction in SMR in other fish species 
(Auer et al., 2015; O'Connor et al., 2000; Van Leeuwen et al., 2012). 
The lower growth rate of anemonefish from bleached anemones 
further corroborates that reduced food intake is likely causing the 
decrease in SMR, which is also supported by the negative correlation 
between SMR and growth in fish from bleached, but not unbleached, 
anemones after 4 weeks.
The decrease in SMR over time in fish from bleached anemones 
suggests that individuals with a relatively high SMR were energetically 
disadvantaged, had little excess capacity for growth, and were forced 
to down-regulate their SMR. While a down-regulated SMR can be ad-
vantageous in food-limited environments (Auer et al., 2015; Metcalfe, 
1998; Metcalfe et al., 1995; O'Connor et al., 2000), there is a limit to 
how much SMR can be reduced without affecting basic physiological 
functioning, and reduced tissue-level metabolic rates, as a consequence 
of reduced food intake, carry an oxidative cost in the form of harmful 
reactive oxygen species (Salin et al., 2018). The indication of a decreas-
ing SMR up to 8 weeks of exposure to bleached anemones provides no 
evidence for acclimation (stabilisation) in SMR, unlike other studies on 
coral reef fish that have reported physiological and behavioural accli-
mation to the thermal stressor itself (Donelson et al., 2011). Therefore, 
our observed decrease in SMR between 4 and 8 weeks of bleaching 
is more likely to reflect a deteriorating condition rather than acclima-
tion. An interesting next step would be to investigate if fish are able to 
back-regulate their metabolic physiology after anemones have recov-
ered from bleaching. Moreover, we conducted our study on bleaching- 
naïve wild juveniles about 1-month-old and, as such, phenotypically 
plastic responses over multiple bleaching events remain to be explored.
The negative impact of bleaching is further supported by our 
behavioural data, as survival correlates positively with space use 
and activity in unbleached anemones (Figure 5), but negatively in 
bleached anemones. High activity and space use are likely important 
for foraging on planktonic prey in the water column and for territo-
rial behaviour and competition with both con- and hetero-specifics 
(e.g. D. trimaculatus), behaviours that are all energetically costly 
(Barry, 2014; Biro & Stamps, 2010; Koteja, 2000; Schmitz, 2005; 
Yeates et al., 2007). Anemonefish receive their nutrients from 
plankton, whose density declines under thermally induced bleach-
ing (Piontkovski & Castellani, 2009; Tada et al., 2003), and from 
anemone waste products and symbiont algae (Verde et al., 2015); 
both of these food sources may be reduced or lost entirely when 
anemones bleach. Under normal, unbleached conditions, the pos-
itive correlation between survival and behaviour (space use and 
activity) indicates that foraging and territoriality are balanced with 
food intake from the territory. However, during bleaching episodes, 
even though fish from bleached anemones spent more time out of 
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their anemone (Figure 3a), they were less active and used less space 
around the anemone compared to fish from unbleached anemones 
(Figure 3b,c), with no indication that they maximised foraging or 
compensated energetically for the diminished food availability. The 
absence of energetic compensation can have detrimental outcomes 
(Brown & Kotler, 2004; Werner & Anholt, 1993), emphasised here by 
the negative correlation between survival and space use in bleached 
anemones. The energetic cost of spending more time outside the 
anemones might be balanced with other benefits, such as finding 
a better, unbleached habitat. However, the anemones were placed 
10 m apart in our study and, as anemonefishes are sedentary species 
(Hattori, 1994), we did not observe any movement between cages.
The loss of symbiont algae and the likely decreased availabil-
ity of waste products in bleached anemones, coupled with an 
absence of compensatory foraging, are two likely causes of the 
lower growth rate observed for fish from bleached anemones 
(Figure 4a). A third cause may be initially higher metabolic rates, 
which can occur 2 weeks after the onset of bleaching (Norin 
et al., 2018; Figure 2). Although fish with a higher SMR can digest 
and grow faster if enough food is available to cover their increased 
maintenance costs (Millidine et al., 2009; Reid et al., 2012), in the 
absence of any compensatory foraging (as our behavioural data 
suggest), the initially higher SMR may have impacted growth for 
the remaining 6-week exposure period through competition for a 
finite energy budget and an inability to catch up on growth later 
(Metcalfe & Monaghan, 2001). This is supported by the observed 
negative correlation between SMR and growth after 4 weeks in 
bleached anemones. In addition, the subsequent decrease in SMR 
of fish from bleached anemones may have further reduced their 
growth rate. Growth is an especially important trait in anemone-
fishes, as they live in size-dependent hierarchies, which determine 
the timing of sex change and reproductive status (Buston, 2003b; 
Fricke, 1979). The finding that bleached anemone hosts lower the 
growth of associated fish is therefore likely to have cascading and 
life-long consequences for individual anemonefish (in addition to 
reduced reproduction; Beldade et al., 2017), but also for other fish 
species associated with hosts that bleach. Indeed, a poor start in 
life during bleaching episodes, with lower growth and reduced 
size-at-age, results in smaller fish more likely to lose in compe-
tition for space and more vulnerable to predation (Arendt, 1997; 
Sogard, 1997).
Despite all the indications that host anemone bleaching affects 
the resident anemonefish negatively, bleaching did not significantly 
reduce anemonefish survival over 9 months. The use of cages (to 
reduce anemone predation) could have reduced natural predation 
on anemonefish by predators larger than the cage mesh size, espe-
cially considering that juveniles from bleached anemones spent less 
time in their anemone, which should render them more vulnerable 
to predation (Buston, 2003a; Elliott et al., 1995; Mariscal, 1970). 
Moreover, the bleached, white coloration of anemones enhances the 
visual contrast between anemone and fish, rendering the fish more 
visible to predators (Coker et al., 2009). However, our results corrob-
orate those of previous natural field observations in which neither 
anemonefish densities nor adult survival were affected by bleached 
anemones (Beldade et al., 2017; Saenz-Agudelo et al., 2011).
Overall, the evidence of detrimental effects of bleaching, together 
with the strong habitat dependency of coral reef species (~12% of 
coral reef fishes live in symbiosis with hosts that bleach; Beldade 
et al., 2017) emphasises the importance of mitigating and regulating 
human actions that contribute to climate-induced bleaching events.
ACKNOWLEDG EMENTS
Financial support was provided by the Agence National de la Recherche 
to Glenn Almany, S.C.M., and R.B. (ANR-14-CE02-0005-01/Stay or Go) 
and to S.C.M. (ANR-11-JSV7-012-01/Live and Let Die), by Pacific Funds 
to S.C.M. and by LabEx ‘CORAIL’ to R.B. and S.C.M. (‘Where do we 
go now?’). T.N. was supported by the Danish Council for Independent 
Research (DFF-4181-00297) and the European Union's Horizon 2020 
research and innovation programme under the Marie Skłodowska-
Curie grant agreement No. 713683. S.S.K. was supported by Natural 
Environment Research Council Advanced Fellowship (NE/J019100/1) 
and European Research Council starting grant (640004). We particularly 
thank Till Deuss for his support and help in the CRIOBE anemonefish 
aquarium facility. We thank Laetitia Hédouin for the use of the diving 
pulse amplitude modulated fluorometer. We are thankful to Paul Johnson 
for his suggestions on statistics. We are also thankful to Gilles Siu, Pascal 
Ung, Anne Haguenauer, Frederic Zuberer, Franck Lerouvreur and all the 
CRIOBE community for support in the field. We would like to express our 
gratitude to Glenn Almany (RIP) for his support and unwavering enthusi-
asm for this project.
CONFLIC T OF INTERE S T
The authors declare no conflicting interests.
AUTHORS'  CONTRIBUTIONS
Designed the study: D.C., T.N., R.B., A.C., S.S.K. and S.C.M.; 
Collected the data: D.C., T.N., R.B., A.C., S.S.K. and S.C.M.; Analysed 
the data: D.C. and T.N.; Wrote the manuscript: D.C., T.N., R.B. and 
S.C.M.; Revised the manuscript: all authors.
DATA AVAIL ABILIT Y S TATEMENT
Data and code are available on Zenodo: https://doi.org/10.5281/
zenodo.4167473 (Cortese et al., 2020).
ORCID
Daphne Cortese  https://orcid.org/0000-0002-5746-3378 
Tommy Norin  https://orcid.org/0000-0003-4323-7254 
Ricardo Beldade  https://orcid.org/0000-0003-1911-0122 
Amélie Crespel  https://orcid.org/0000-0002-6351-9008 
Shaun S. Killen  https://orcid.org/0000-0003-4949-3988 
Suzanne C. Mills  https://orcid.org/0000-0001-8948-3384 
R E FE R E N C E S
Arendt, J. D. (1997). Adaptive intrinsic growth rates: An integration 
across taxa. Quarterly Review of Biology, 72(2), 149–177. https://doi.
org/10.1086/419764
672  |    Functional Ecology CORTESE ET al.
Auer, S. K., Salin, K., Rudolf, A. M., Anderson, G. J., & Metcalfe, N. B. 
(2015). Flexibility in metabolic rate confers a growth advantage 
under changing food availability. Journal of Animal Ecology, 84(5), 
1405–1411. https://doi.org/10.1111/1365-2656.12384
Barry, M. J. (2014). The energetic cost of foraging explains growth anom-
alies in tadpoles exposed to predators. Physiological and Biochemical 
Zoology, 87(6), 829–836. https://doi.org/10.1086/678042
Beldade, R., Blandin, A., O'Donnell, R., & Mills, S. C. (2017). Cascading effects 
of thermally-induced anemone bleaching on associated anemonefish 
hormonal stress response and reproduction. Nature Communications, 
8(1), 1–9. https://doi.org/10.1038/s4146 7-017-00565 -w
Beldade, R., Holbrook, S. J., Schmitt, R. J., Planes, S., & Bernardi, G. 
(2016). Spatial patterns of self-recruitment of a coral reef fish in rela-
tion to island-scale retention mechanisms. Molecular Ecology, 25(20), 
5203–5211. https://doi.org/10.1111/mec.13823
Beldade, R., Holbrook, S. J., Schmitt, R. J., Planes, S., Malone, D., & Bernardi, 
G. (2012). Larger female fish contribute disproportionately more to 
self-replenishment. Proceedings of the Royal Society B: Biological Sciences, 
279(1736), 2116–2121. https://doi.org/10.1098/rspb.2011.2433
Bellwood, D. R., Hughes, T. P., Folke, C., & Nyström, M. (2004). 
Confronting the coral reef crisis. Nature, 429(6994), 827–833. 
https://doi.org/10.1038/natur e02691
Biro, P. A., & Stamps, J. A. (2010). Do consistent individual differences 
in metabolic rate promote consistent individual differences in be-
havior? Trends in Ecology & Evolution, 25(11), 653–659. https://doi.
org/10.1016/j.tree.2010.08.003
Bonin, M. C., Munday, P. L., McCormick, M. I., Srinivasan, M., & Jones, G. 
P. (2009). Coral-dwelling fishes resistant to bleaching but not to mor-
tality of host corals. Marine Ecology Progress Series, 394, 215–222. 
https://doi.org/10.3354/meps0 8294
Brown, J. S., & Kotler, B. P. (2004). Hazardous duty pay and the forag-
ing cost of predation. Ecology Letters, 7(10), 999–1014. https://doi.
org/10.1111/j.1461-0248.2004.00661.x
Buston, P. (2003a). Forcible eviction and prevention of recruitment in the 
clown anemonefish. Behavioral Ecology, 14(4), 576–582. https://doi.
org/10.1093/behec o/arg036
Buston, P. (2003b). Size and growth modification in clownfish. Nature, 
424(6945), 145–146. https://doi.org/10.1038/424145a
Buston, P., & Garcia, M. B. (2007). An extraordinary life span estimate 
for the clown anemonefish Amphiprion percula. Journal of Fish Biology, 
70, 1710–1719. https://doi.org/10.1111/j.1095-8649.2007.01445.x
Coker, D. J., Pratchett, M. S., & Munday, P. L. (2009). Coral bleaching 
and habitat degradation increase susceptibility to predation for cor-
al-dwelling fishes. Behavioral Ecology, 20(6), 1204–1210. https://doi.
org/10.1093/behec o/arp113
Cortese, D., Norin, T., Beldade, R., Crespel, A., Killen, S. S., & Mills, S. 
C. (2020). Physiological and behavioural effects of anemone bleach-
ing on symbiont anemonefish in the wild. Zenodo, https://doi.
org/10.5281/zenodo.4167473
Dill, L. M. (1983). Adaptive flexibility in the foraging behavior of fishes. 
Canadian Journal of Fisheries and Aquatic Sciences, 40(4), 398–408. 
https://doi.org/10.1139/f83-058
Donelson, J., Munday, P. L., Mccormick, M. I., & Nilsson, G. E. (2011). 
Acclimation to predicted ocean warming through developmental 
plasticity in a tropical reef fish. Global Change Biology, 17(4), 1712–
1719. https://doi.org/10.1111/j.1365-2486.2010.02339.x
Elliott, J. K., Elliott, J. M., & Mariscal, R. N. (1995). Host selection, lo-
cation, and association behaviors of anemonefishes in field settle-
ment experiments. Marine Biology, 122(3), 377–389. https://doi.
org/10.1007/BF003 50870
Fangue, N. A., Wunderly, M. A., Dabruzzi, T. F., & Bennett, W. A. (2014). 
Asymmetric thermal acclimation responses allow sheepshead min-
now Cyprinodon variegatus to cope with rapidly changing tempera-
tures. Physiological and Biochemical Zoology, 87(6), 805–816. https://
doi.org/10.1086/678965
Fautin, D. G. (1991). The anemonefish symbiosis: What is known and 
what is not. Symbiosis, 10, 23–46.
Fricke, H. W. (1979). Mating system, resource defence and sex change in 
the anemonefish Amphiprion akallopisos. Zeitschrift Für Tierpsychologie, 
50(3), 313–326. https://doi.org/10.1111/j.1439-0310.1979.tb010 34.x
Glynn, P. W. (1996). Coral reef bleaching: Facts, hypotheses and impli-
cations. Global Change Biology, 2, 495–509. https://doi.org/10.1111/ 
j.1365-2486.1996.tb000 63.x
Graham, N. A. J., Wilson, S. K., Jennings, S., Polunin, N. V. C., Bijoux, J. P., & 
Robinson, J. (2006). Dynamic fragility of oceanic coral reef ecosystems. 
Proceedings of the National Academy of Sciences of the United States of 
America, 103(22), 8425–8429. https://doi.org/10.1073/pnas.06006 
93103
Graham, N. A. J., Wilson, S. K., Jennings, S., Polunin, N. V. C., Robinson, 
J., Bijoux, J. P., & Daw, T. M. (2007). Lag effects in the impacts 
of mass coral bleaching on coral reef fish, fisheries, and eco-
systems. Conservation Biology, 21(5), 1291–1300. https://doi.
org/10.1111/j.1523-1739.2007.00754.x
Hattori, A. (1994). Inter-group movement and mate acquisition tactics 
of the protandrous anemonefish, Amphiprion clarkii, on a coral reef. 
Okinawa. Japanese Journal of Ichthyology, 41(2), 159–165. https://doi.
org/10.11369/ jji19 50.41.159
Hohenstein, S., & Kliegl, R. (2020). remef: Remove partial effects. R package 
version 1.0.7. Retrieved from https://github.com/hohen stein/ remef/
Höjesjö, J., Johnsson, J. I., & Axelsson, M. (1999). Behavioural and heart 
rate responses to food limitation and predation risk: An experimen-
tal study on rainbow trout. Journal of Fish Biology, 55(5), 1009–1019. 
https://doi.org/10.1006/jfbi.1999.1113
Holbrook, S. J., & Schmitt, R. J. (2004). Population dynamics of a 
dameselfish: Effects of a competitor that also is an indirect mutualist. 
Ecology, 85(4), 979–985. https://doi.org/10.1890/03-0406
Hopkins, K. D. (1992). Reporting fish growth: A review of the basics. 
Journal of the World Aquaculture Society, 23(3), 173–179. https://doi.
org/10.1111/j.1749-7345.1992.tb007 66.x
Hughes, T. P., Kerry, J. T., Álvarez-Noriega, M., Álvarez-Romero, J. G., 
Anderson, K. D., Baird, A. H., Babcock, R. C., Beger, M., Bellwood, 
D. R., Berkelmans, R., Bridge, T. C., Butler, I. R., Byrne, M., Cantin, 
N. E., Comeau, S., Connolly, S. R., Cumming, G. S., Dalton, S. J., Diaz-
Pulido, G., … Wilson, S. K. (2017). Global warming and recurrent mass 
bleaching of corals. Nature, 543(7645), 373. https://doi.org/10.1038/
natur e21707
Jones, G. P., & Syms, G. (1998). Disturbance, habitat structure and the 
ecology of fishes on coral reefs. Australian Journal of Ecology, 23(3), 
287–297. https://doi.org/10.1111/j.1442-9993.1998.tb007 33.x
Jones, R. J. (1997). Changes in zooxanthellar densities and chlorophyll 
concentrations in corals during and after a bleaching event. Marine 
Ecology Progress Series, 158(1), 51–59. https://doi.org/10.3354/
meps1 58051
Killen, S. S., Marras, S., Metcalfe, N. B., McKenzie, D. J., & Domenici, P. 
(2013). Environmental stressors alter relationships between physi-
ology and behaviour. Trends in Ecology & Evolution, 28(11), 651–658. 
https://doi.org/10.1016/j.tree.2013.05.005
Koteja, P. (2000). Energy assimilation, parental care and the evolution 
of endothermy. Proceedings of the Royal Society B: Biological Sciences, 
267(1442), 479–484. https://doi.org/10.1098/rspb.2000.1025
Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). lmerTest 
package: Tests in linear mixed effects models. Journal of Statistical 
Software, 82(13), 1–26. https://doi.org/10.18637/ jss.v082.i13
Lang, J. C., Lasker, H. R., Gladfelter, E. H., Hallock, P., Jaap, W. C., Losada, F. J., 
& Muller, R. G. (1992). Spatial and temporal variability during periods of 
‘recovery’ after mass bleaching on Western Atlantic coral reefs. American 
Zoologist, 32(6), 696–706. https://doi.org/10.1093/icb/32.6.696
Lefcheck, J. S. (2016). piecewiseSEM: Piecewise structural equation mod-
elling in R for ecology, evolution, and systematics. Methods in Ecology 
and Evolution, 7(5), 573–579. https://doi.org/10.1111/2041-210x.12512
     |  673Functional EcologyCORTESE ET al.
Lima, S. L., & Dill, L. M. (1990). Behavioral decisions made under the risk 
of predation: A review and prospectus. Canadian Journal of Zoology, 
68(4), 619–640. https://doi.org/10.1139/z90-092
Lüdecke, D. (2018). ggeffects: Tidy data frames of marginal effects 
from regression models. Journal of Open Source Software, 3(26), 772. 
https://doi.org/10.21105/ joss.00772
Mariscal, R. N. (1970). The nature of the symbiosis between Indo-Pacific 
anemone fishes and sea anemones. Marine Biology, 6, 58–65. https://
doi.org/10.1007/BF003 52608
McClanahan, T. R., Weil, E., Cortés, J., Baird, A. H., & Ateweberhan, M. 
(2009). Consequences of coral bleaching for sessile reef oganisms. In 
Coral bleaching (pp. 121–138). Springer.
Metcalfe, N. B. (1998). The interaction between behavior and physiol-
ogy in determining life history patterns in Atlantic salmon (Salmo 
salar). Canadian Journal of Fisheries and Aquatic Sciences, 55, 93–103. 
https://doi.org/10.1139/d98-005
Metcalfe, N. B., & Monaghan, P. (2001). Compensation for a bad start: 
Grow now, pay later? Trends in Ecology & Evolution, 16(5), 254–260. 
https://doi.org/10.1016/S0169 -5347(01)02124 -3
Metcalfe, N. B., Taylor, A. C., & Thorpe, J. E. (1995). Metabolic rate, social 
status and life-history strategies in Atlantic salmon. Animal Behaviour, 
49, 431–436. https://doi.org/10.1006/anbe.1995.0056
Millidine, K. J., Armstrong, J. D., & Metcalfe, N. B. (2009). Juvenile 
salmon with high standard metabolic rates have higher energy costs 
but can process meals faster. Proceedings of the Royal Society B: 
Biological Sciences, 276(1664), 2103–2108. https://doi.org/10.1098/
rspb.2009.0080
Mills, S. C., Beldade, R., Henry, L., Laverty, D., Nedelec, S. L., Simpson, 
S. D., & Radford, A. N. (2020). Hormonal and behavioural effects of 
motorboat noise on wild coral reef fish. Environmental Pollution, 262. 
https://doi.org/10.1016/j.envpol.2020.114250
Mills, S. C., O'Donnell, J. L., Bernardi, G., & Beldade, R. (2018). Natural en-
docrine profiles of the group-living skunk anemonefish Amphiprion 
akallopisos in relation to their size-based dominance hierarchy. Journal 
of Fish Biology, 92(3), 773–789. https://doi.org/10.1111/jfb.13559
Moberg, F., & Folke, C. (1999). Ecological goods and services of coral 
reef ecosystems. Ecological Economics, 29(2), 215–233. https://doi.
org/10.1016/S0921 -8009(99)00009 -9
Nanninga, G. B., Côté, I. M., Beldade, R., & Mills, S. C. (2017). Behavioural 
acclimation to cameras and observers in coral reef fishes. Ethology, 
123(10), 705–711. https://doi.org/10.1111/eth.12642
Norin, T., Mills, S. C., Crespel, A., Cortese, D., Killen, S. S., & Beldade, 
R. (2018). Anemone bleaching increases the metabolic demands of 
symbiont anemonefish. Proceedings of the Royal Society B: Biological 
Sciences, 285(1876), 7–12. https://doi.org/10.1098/rspb.2018.0282
O'Connor, K. I., Taylor, A. C., & Metcalfe, N. B. (2000). The stability of 
standard metabolic rate during a period of food deprivation in juve-
nile Atlantic salmon. Journal of Fish Biology, 57(1), 41–51. https://doi.
org/10.1006/jfbi.2000.1280
O'Donnell, J. L., Beldade, R., Mills, S. C., Williams, H. E., & Bernardi, G. 
(2017). Life history, larval dispersal, and connectivity in coral reef 
fish among the Scattered Islands of the Mozambique Channel. Coral 
Reefs, 36(1), 223–232. https://doi.org/10.1007/s0033 8-016-1495-z
Oliver, E. C. J., Donat, M. G., Burrows, M. T., Moore, P. J., Smale, D. A., 
Alexander, L. V., Benthuysen, J. A., Feng, M., Sen, Gupta A., Hobday, 
A. J., Holbrook, N. J., Perkins-Kirkpatrick, S. E., Scannell, H. A., 
Straub, S. C., & Wernberg, T. (2018). Longer and more frequent ma-
rine heatwaves over the past century. Nature Communications, 9(1), 
1–12. https://doi.org/10.1038/s4146 7-018-03732 -9
Piontkovski, S. A., & Castellani, C. (2009). Long-term declining trend of 
zooplankton biomass in the Tropical Atlantic. Hydrobiologia, 632(1), 
365–370. https://doi.org/10.1007/s1075 0-009-9854-1
R Core Team. (2019). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. Retrieved from http://
www.R-proje ct.org/
Reid, D., Armstrong, J. D., & Metcalfe, N. B. (2012). The performance 
advantage of a high resting metabolic rate in juvenile salmon is habi-
tat dependent. Journal of Animal Ecology, 81(4), 868–875. https://doi.
org/10.1111/j.1365-2656.2012.01969.x
Saenz-Agudelo, P., Jones, G. P., Thorrold, S. R., & Planes, S. (2011). 
Detrimental effects of host anemone bleaching on anemonefish 
populations. Coral Reefs, 30, 497–506. https://doi.org/10.1007/
s0033 8-010-0716-0
Salin, K., Villasevil, E. M., Anderson, G. J., Auer, S. K., Selman, C., 
Hartley, R. C., Mullen, W., Chinopoulos, C., & Metcalfe, N. B. (2018). 
Decreased mitochondrial metabolic requirements in fasting animals 
carry an oxidative cost. Functional Ecology, 32(9), 2149–2157. https://
doi.org/10.1111/1365-2435.13125
Sandblom, E., Gräns, A., Axelsson, M., & Seth, H. (2014). Temperature acclima-
tion rate of aerobic scope and feeding metabolism in fishes: Implications 
in a thermally extreme future. Proceedings of the Royal Society B: Biological 
Sciences, 281(1794). https://doi.org/10.1098/rspb.2014.1490
Schmitt, R. J., & Holbrook, S. J. (1996). Local-scale patterns of larval 
settlement in a planktivorous dameselfish – Do they predict recruit-
ment? Marine and Freshwater Research, 47, 449–463. https://doi.
org/10.1071/MF996 0449
Schmitt, R. J., & Holbrook, S. J. (2000). Habitat-limited recruitment of 
coral reef damselfish. Ecology, 81(12), 3479–3494. https://doi.org/ 
10.1890/0012-9658(2000)081[3479:HLROC R]2.0.CO;2
Schmitz, A. (2005). Metabolic rates in harvestmen (Arachnida, Opiliones): 
The influence of running activity. Physiological Entomology, 30(1), 75–
81. https://doi.org/10.1111/j.0307-6962.2005.00434.x
Sogard, S. M. (1997). Size-selective mortality in the juvenile stage of te-
leost fishes: A review. Bulletin of Marine Science, 60(3), 1129–1157.
Stoffel, M. A., Nakagawa, S., & Schielzeth, H. (2017). rptR: Repeatability 
estimation and variance decomposition by generalized linear 
mixed-effects models. Methods in Ecology and Evolution, 8(11), 1639–
1644. https://doi.org/10.1111/2041-210X.12797
Svendsen, M. B. S., Bushnell, P. G., & Steffensen, J. F. (2016). Design 
and setup of intermittent-flow respirometry system. Journal of Fish 
Biology, 88, 26–50. https://doi.org/10.1111/jfb.12797
Tada, K., Sakai, K., Nakano, Y., Takemura, A., & Montani, S. (2003). Size-
fractionated phytoplankton biomass in coral reef waters off Sesoko 
Island. Journal of Plankton Research, 25(8), 991–997. https://doi.
org/10.1093/plank t/25.8.991
Therneau, T. M. (2020). A package for survival analyses in R. R package version 
3.2-7. Retrieved from https://CRAN.R-proje ct.org/packa ge=survival
Therneau, T. M., & Grambsch, P. M. (2000). Modeling survival data: 
Extending the cox model, (39–77): Springer.
Van Leeuwen, T. E., Rosenfeld, J. S., & Richards, J. G. (2012). Effects of 
food ration on SMR: Influence of food consumption on individual 
variation in metabolic rate in juvenile coho salmon (Onchorhynchus 
kisutch). Journal of Animal Ecology, 81(2), 395–402. https://doi.
org/10.1111/j.1365-2656.2011.01924.x
Verde, E. A., Cleveland, A., & Lee, R. W. (2015). Nutritional exchange in a trop-
ical tripartite symbiosis II: Direct evidence for the transfer of nutrients 
from host anemone and zooxanthellae to anemonefish. Marine Biology, 
162(12), 2409–2429. https://doi.org/10.1007/s0022 7-015-2768-8
Weiner, J. (1992). Physiological limits to sustainable energy budgets 
in birds and mammals: Ecological implications. Trends in Ecology 
& Evolution, 7(11), 384–388. https://doi.org/10.1016/0169-
5347(92)90009 -Z
Werner, E. E., & Anholt, B. R. (1993). Ecological consequences of the 
trade-off between growth and mortality rates mediated by forag-
ing activity. The American Naturalist, 142(2), 242–272. https://doi.
org/10.1086/285537
Wilson, S. K., Graham, N. A. J., Pratchett, M. S., Jones, G. P., & Polunin, N. 
V. C. (2006). Multiple disturbances and the global degradation of coral 
reefs: Are reef fishes at risk or resilient? Global Change Biology, 12(11), 
2220–2234. https://doi.org/10.1111/j.1365-2486.2006.01252.x
674  |    Functional Ecology CORTESE ET al.
Yeates, L. C., Williams, T. M., & Fink, T. L. (2007). Diving and foraging 
energetics of the smallest marine mammal, the sea otter (Enhydra lu-
tris). Journal of Experimental Biology, 210(11), 1960–1970. https://doi.
org/10.1242/jeb.02767
Zeileis, A., & Hothorn, T. (2002). Diagnostic checking in regression rela-
tionships. R News, 2(3), 7–10.
SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.
How to cite this article: Cortese D, Norin T, Beldade R, Crespel 
A, Killen SS, Mills SC. Physiological and behavioural effects of 
anemone bleaching on symbiont anemonefish in the wild. Funct 
Ecol. 2021;35:663–674. https://doi.org/10.1111/1365-
2435.13729
